TITLE OF THE INVENTION 

PERMANENT -MAGNET ROTATING MACHIN 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a permanent-magnet 
rotating. machine, such as an electric motor, and in particular , 
to a permanent-magnet rotating machine designed to achieve a 
reduction in cogging torque. 

2. Description of the Background Art 

In an ordinary construction of a permanent-magnet rotating 
machine, a rotor is disposed inside a stator. The stator has 
a cylindrical iron core carrying a plurality of stator coils 
arranged on its curved inner surface to form multiple magnetic 
poles. The rotor has a rotor core and shaft placed inside the 
stator so that the rotor can rotate about a central axis of 
the stator. Permanent magnets are provided on the curved outer 
surface of the rotor core or embedded in it. The permanent 
magnets are arranged in such a way that their north (N) and 
south (S) poles alternate along the surface of the rotor core. 
The rotating machine causes electric currents to flow through 
the stator coils to produce a rotating magnetic field so that 
the rotor rotates about its shaft. 

In the rotating machine thus constructed, there occur 
variations in revolving torque and speed. This phenomenon 
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known as "cogging" causes not only vibrations and noise but 
also deteriorattion of controllability of the rotating 
machine . 

Japanese Laid-open Utility Model Publication No. 
1986-17876, for example, discloses an arrangement for reducing 
the cogging torque. According to the Publication, multiple 
rows of permanent magnets are arranged on a cylindrical surface 
of a rotor core along its axial direction in a manner that the 
permanent magnets are offset, or skewed, in the circumferential 
direction of the rotor core to produce a skewing effect. More 
specifically, the multiple permanent magnets are skewed in the 
circumferential direction from one row to next, according to 
their location along the axial direction of the rotor core, 
such that the permanent magnets are arranged on the surface 
of the rotor core at a skew angle (hereinafter referred to as 
the row-to-row skew angle) 0m. 

Conventionally, a theoretically determined angle 
(hereinafter referred to as the theoretical angle) is used as 
the row-to-row skew angle (physical angle) Gm. The theoretical 
angle at which the cogging torque is expected to be minimized 
is calculated as 360/ (the least common multiple of the number 
of stator poles. and the number of rotor poles)/ (the number of 
permanent magnet rows along the axial direction) as discussed 
in Japanese Laid-open Patent Publication No. 2000-308286, for 
example - 
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As an example, if the nimber of stator poles of a rotating 
machine is 12, the number of rotor poles is 8, and the number 
of permanent magnet rows along the axial direction is 4, and 
it is intended to reduce the cogging torque individually by 
the upper two rows and lower two rows of permanent magnets, 
the row-to-row skew angle 9m of the upper two rows, and of the 
lower two rows, is 7.5 degrees (= 360/24/2, which is not 30 
degrees in electrical angle 9e) . 

Japanese Patent Publication No. 2672178 and Japanese 
Laid-open. Patent Publication No. 1996-251847, for example, 
disclose another arrangement for reducing the cogging torque. 
Specifically, the number of permanent magnet rows is set to 
2n, where n is an integer equal to 2 or larger, or permanent 
magnets are attached in nonuniform positions. 

Even if the theoretically determined row- to-row skew angle 
9m is applied to an actual rotating machine, however, it is 
considered still insufficient for reducing the cogging torque. 
This is because the influence of magnetic saturation due to 
magnet flux leakage, which is caused by the aforementioned 
skewed magnet row arrangement, is not taken into consideration. 
While a leakage flux that causes the cogging torque could occur 
at joints between the permanent magnet rows and on the interior 
of the rotor core, for instance, a leakage flux occurring inside 
the stator core is a major cause of the cogging torque. 

As stated above, the conventional skewed magnet row 
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arrangeiaent used in the rotating machine is associated with 
the problem that the cogging torque can not be reduced 
sufficiently since the theoretically determined skew angle is 
used the row-to-row skew angle. 

SUMMARY OF THE INVENTION 

This invention* has been made to provide a solution to the 
aforementioned problem of the prior art. Specifically, it is 
an object of the invention to provide a permanent-magnet 
rotating machine which can efficiently reduce cogging torque 
and torque ripples compared to a case where permanent magnets 
are skewed by a theoretically determined row-to-row skew angle . 

According to the invention, a permanent-magnet rotating 
machine includes a rotor having a rotor core carrying on its 
curved outer surface multiple permanent magnets which are 
arranged in two rows along an axial direction in such a manner 
that the permanent magnets in one row are skewed from the 
permanent magnets in the other row in a circumferential 
direction by a row-to-row skew angle 9e expressed in terms of 
an electrical angle, and a stator having a cylindrical stator 
core in which the rotor is disposed, the stator core being 
provided with stator coils for producing a rotating magnetic 
field which causes the rotor to rotate. In this 
permanent-magnet rotating machine, a lower limit of the 
row-to-row skew angle 9e is set at a value larger than a 
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theoretical angle 6s expressed in terms of the electrical angle 
given by 180 times the number of rotor poles/the least common 
multiple of the number of stator poles and the number of rotor 
poles) /(the number of permanent magnet rows along the axial 
direction) . A cogging torque ratio, which is the ratio of a 
cogging torque occurring in the absence of skew to a cogging 
torque occurring when the permanent magnets are skewed, at the 
theoretical angle 9s is calculated based on the relationship 
between the cogging torque ratio and the row- to-row skew angle 
6e and properties concerning the relationship between flux 
density and magnetizing force of the stator core, and an upper 
limit of the row-to-row skew angle 9e is set at a value equal 
to or smaller than a maximum value of the row- to-row skew angle 
6e at which the cogging torque ratio does not exceed the 
calculated cogging torque ratio at the theoretical angle Gs . 

These and other objects, features and advantages of the 
invention will become more apparent upon reading the following 
detailed description along with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a perspective view of a rotor of a 

permanent-magnet rotating machine according to a first 

embodiment of the invention; 

FIGS. 2A and 2B are sectional plan views of the rotor of 

FIG. 1; 
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FIG- 3 is a side view of the rotor of FIG. 1; 
FIG. 4 is a sectional plan view of the permanent-magnet 
rotating machine of the first embodiment; 

FIG. 5 is a chart showing fundamental components of cogging 
torque obtained from a three-dimensional magnetic field 
analysis carried out on the rotor and the permanent-magnet 
rotating machine of FIGS. 1 through 4; 

FIG. 6 is a chart showing second harmonic components of 
the cogging torque obtained from the three-dimensional 
magnetic field analysis carried out on the rotor and the 
permanent-magnet rotating machine of FIGS. 1 through 4; 

FIG. 7 is a chart showing magnetic properties of a rotor 
core used in the three-dimensional magnetic field analysis; 

FIG. 8 is a chart showing skew factors for the fifth and 
seventh harmonics versus the row-to-row skew angle; 

FIG. 9 is a chart showing 6f torque ripple component 
factors versus the row-to-row skew angle; 

FIG. 10 is a perspective view of a rotor of a 
permanent-magnet rotating machine according to a second 
embodiment of the invention; 

FIG. 11 is a sectional plan view of the rotor of FIG. 10; 
FIG. 12 is a fragmentary perspective view of a multi-block 
stator according to a third embodiment of the invention; 

FIG. 13 is a fragmentary perspective view showing a 
multi-block structure of the stator of the third embodiment; 
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FIG. 14 is a fragmentary sectional plan view of each block 
of the stator of the third embodiment; 

FIG. 15 is a perspective view of a rotor of a 
permanent-magnet rotating machine according to a fourth 
embodiment of the invention; 

FIGS. 16A, 16B, 16C and 16D are sectional plan views of 
the rotor of FIG, 15; 

FIG, 17 is a sectional plan view of the permanent-magnet 
rotating machine of the fourth embodiment; 

FIG. 18 is a chart showing measurement results on the 
permanent-magnet rotating machine of the fourth embodiment; 

FIG. 19 is a chart showing measurement results on a 
permanent-magnet rotating machine according to a fifth 
embodiment of the invention; 

FIG. 20 is a perspective view of a rotor of a 
permanent-magnet rotating machine according to the fifth 
embodiment of the invention; and 

FIGS. 21A, 21B, 21C and 21D are sectional plan views of 
the rotor of FIG. 20. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS OF THE INVENTION 

Preferred embodiments of the invention will now be 
described, by way of example, with reference to the accompanying 
drawings . 



FIRST EMBODIMENT 
FIGS. 1, 2A, 2B, 3 and 4 are diagrams showing the 
construction of a permanent-magnet rotating machine according 
to a first embodiment of the invention, in which FIGS. 1, 2A, 
2B and 3 particularly show the arrangement of permanent magnets 
32a, 32b on a rotor 30. 

Referring to FIGS- 1, 2A, 2B and 3, the rotor 3 0 includes 
a rotor core 31 and the aforementioned permanent magnets 32a, 
32b attached to a curved outer surface of the rotor core 31. 
The permanent magnets 32a and the permanent magnets 32b are 
disposed in an upper row and a lower row, respectively, in such 
a manner that N and S poles are alternately arranged in each 
row along the circumference of the rotor core 31 . The permanent 
magnets 32a in the upper row and the permanent magnets 32b in 
the lower row are offset, or skewed, in the circumferential 
direction of the rotor core 31 by a row-to-row skew angle 
(electrical angle) 0e . As can be seen from the Figures, the 
number of magnetic poles of the rotor 30 is 8 and the number 
of permanent magnet rows is 2 in this embodiment. 

As shown in FIG. 4, a stator 20 includes a cylindrical 
stator core 21 and a plurality of stator coils 22 which are 
arranged on a curved inner surface of the stator core 21 to 
form multiple magnetic poles. The rotor core 31 of the rotor 
30 is mounted inside the stator 20 so that the rotor 30 can 
rotate about a central axis of the stator 20. Electric currents 
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are caused to flow through the stator coils 22 in a controlled 
fashion to create a rotating magnetic field so that the rotor 
30 rotates about its rotary shaft which is aligned with the 
central axis of the stator 20. 

As shown in FIGS. 2A, 2B, 3 and 4, the permanent magnets 
32b in the lower row are offset by an electrical angle of 36 
degrees in the circumferential direction of the rotor core 31 
with respect to a reference line A of the permanent magnets 
32a in the upper rpw. This offset electrical angle, or the 
row-to-row skew angle Ge, is made larger than a theoretical 
angle Gs (30 degrees) determined by (180 times the number of 
rotor poles/the least common multiple of the number of stator 
poles and the number of rotor poles) /(the number of permanent 
magnet rows along the axial direction = 2) . 

Since the row-to-row skew angle 9e is made larger than the 
theoretical angle Gs but not larger than a maximiim value of 
the row-to-row skew angle Ge that is determined according to 
magnetic properties of the stator core 21 and the rotor core 
31 as will be discussed later, it is possible to efficiently 
reduce cogging torque and torque ripples, compared to a case 
where the theoretical angle Gs is used as the row-to-row skew 
angle Ge . The following discussion illustrates how the cogging 
torque and torque ripples are related with the row-to-row skew 
angle Ge and how the cogging torque and torque ripples are 
reduced according to the present embodiment. 
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FIGS. 5 and 6 show results of a three-dimensional magnetic 
field analysis carried out on the rotor 30 and the 
permanent-magnet rotating machine (in which the number of rotor 
poles is 8, the number of stator poles is 12 and the number 
of permanent magnet rows is 2) shown in FIGS. 1 through 4. 

FIG. 5 is a chart showing the result of an analysis of 
fundamental components of the cogging torque, and FIG. 6 is 
a chart showing the result of an analysis of second harmonic 
components of the cogging torque. ' FIGS. 5 and. 6 individually 
show the relationship between a cogging torque ratio, which 
is the ratio of the cogging torque occurring in the absence 
of skew to the cogging torque occurring when the permanent 
magnets 32a, 32b are skewed, and the row-to-row skew angle 
(electrical angle) 0e in three different cases, that is, the 
case where the stator 20 has an ideal magnetic property 
(magnetic property A) , the case where the magnetic property 
of the stator 20 has somewhat deteriorated during its 
manufacturing process (magnetic property B) , and the case where 
the magnetic property of the stator 20 has further deteriorated 
in the manufacturing process (magnetic property C) . 

FIG. 7 is a chart showing the magnetic properties A, B, 
C (B-H curves representing the relationship between flux 
density ratio and magnetizing force H) of the stator core 21 
used in the analysis. The flux density ratio of FIG. 7 means 
the ratio of flux density to the saturation flux density of 
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a material having the ideal magnetic property A. The magnetic 
property A is a property corresponding to a catalog value 
unaffected by the manufacturing, or machining, process, 
whereas the magnetic property B is a property observed in an 
actual rotating machine under normal operating conditions in 
which the flux density ratio of the stator core 21 has decreased 
by approximately 20% at a magnetizing force H of about 1000 
A/m, as compared to the magnetic property A. Also, the magnetic 
property C corresponds to the property of the stator core 21 
of which flux density ratio has decreased by approximately 40% 
at the magnetizing force H of about 1000 A/m, as compared to 
the magnetic property A. 

It is recognized from FIG. 5 that the row-to-row skew angle 
ee at which the cogging torque ratio is minimized progressively 
increases as the magnetic property of the stator core 21 
deteriorates, in the order of magnetic properties A, B and C, 
with respect to the fundamental component of the cogging torque . 
This is because a leakage flux occurs inside the stator core 
21 in its axial direction as stated earlier when the skewed 
magnet row arrangement is employed. Specifically, the 
row-to-row skew angle Ge at which the cogging torque is 
minimized becomes larger than the theoretical angle Qs of 30 
degrees as the magnetic property of the stator core 21 
deteriorates. When the row-to-row skew angle 9e is set at the 
theoretical angle Bs of 30 degrees in the rotating machine of 
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the magnetic property B, the cogging torque ratio at point (1) 
of FIG, 5 is approximately 0.18 for the fundamental component. 
By comparison, when the row-to-row skew angle 9e is set at a 
value larger than the theoretical angle 9s of 30 degrees but 
not larger than a row-to-row skew angle of approximately 37 
degrees at point (2) beyond which the cogging torque ratio 
exceeds 0.18 obtained at point (1), the fundamental component 
of the cogging torque becomes equal to or lower than a level 
observed at the theoretical angle Bs (30 degrees) . Similarly, 
in the rotating machine of the magnetic property C, when the 
row-to-row skew angle 0e is set at a value larger than the 
theoretical angle Gs (30 degrees) but not larger than a 
row-to-row skew angle of approximately 43 degrees at point (4) 
beyond which the cogging torque ratio exceeds the value of 
approximately 0.23 obtained at point (3), the fundamental 
component of the cogging torque becomes equal to or lower than 
a level observed at the theoretical angle 0s (30 degrees) . 

The above discussion has illustrated a case where the ratio 
of the number of rotor poles to the number of stator poles is 
2 : 3 with reference to FIG. 5 . It is apparent from the foregoing 
that, for a given ratio of the number of rotor poles to the 
number of stator poles of the actual rotating machine, the 
fundamental component of the cogging torque can be made equal 
to or lower than a level observed when the row-to-row skew angle 
Oe is set at the theoretical angle 0s by setting a lower limit 



of the row-to-row skew angle 0e at a value larger than the 
theoretical angle 0s, and setting an upper limit of the 
row-to-row skew angle 0e at a value equal to or smaller than 
a maximum value of the row-to-row skew angle 0e at which the 
cogging torque ratio does not exceed the cogging torque ratio 
at the theoretical angle 0s determined based on the relationship 
between the cogging torque ratio and the row-to-row skew angle 
0e and the magnetic property (B-H curves) of the stator core 
21 . 

It is further recognized from FIG. 6 that the second 
harmonic component of the cogging torque is minimized at a 
row-to-row skew angle of one-half or one and one-half times 
the theoretical angle 0s (30 degrees) , or at an electrical angle 
of 15 or 45 degrees, respectively- Since the second harmonic 
component of the cogging torque is not susceptible to the 
leakage flux in the axial direction (or the effect of magnetic 
saturation) , the second harmonic component of the cogging 
torque is supposed to be well suppressed by setting the 
row-to-row skew angle 0e at one-half or one and one-half times 
the theoretical angle 0s (30 degrees) . 

On the other hand, the relationship between the row-to-row 
skew angle and torque ripples is usually analyzed by using a 
winding factor known as a skew factor. The skew factor Ksv for 
a vth harmonic component of the cogging torque is given by 
equation (2) below: 
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Ksv = sin{vY/2) / (vY/2) (2) 
where Y is the skew angle. 

Expressing the row-to~row skew angle as Yd, Yd = Y/2, so 
that the skew factor Kdsv expressed by the row- to-row skew angle 
Yd is given by equation (3) below: 

Kdsv = sin(vYd) / (vYd) (3) 
Among the torque ripples occurring in a permanent-magnet 
rotating machine, a torque ripple component having a frequency 
6 times the power supply frequency is most predominant. 
Generally, this torque ripple component (hereinafter referred 
to as the 6f component) is caused by fifth and seventh harmonics 
of the cogging torque. 

FIG. 8 is a chart showing skew factors for the fifth and 
seventh harmonics versus the row-to-row skew angle Yd 
calculated from the aforementioned equation (2) . The extent 
of the influence of the fifth and seventh harmonics on the 6f 
component of the torque ripple is supposed to be approximately 
related to the reciprocal of the square of the order of each 
harmonic component. Thus, the extent of the influence of the 
fifth harmonic on the 6f component is supposed to be l/S^ = 0.04, 
and the extent of the influence of the seventh harmonic is 
supposed to be 1/7^ = 0.02. 

FIG. 9 is a chart showing 6f torque ripple component 
factors versus the row-to-row skew angle Yd obtained taking 
into consideration the skew factor and the extent of the 
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influence of the fifth and seventh harmonics on the 6f component 
of the torque ripple of FIG. 8. It can be seen from FIG. 9 that 
when the row-to-row skew angle Yd exceeds 30 degrees, the 6f 
torque ripple component factor becomes smaller than its value 
at the row-to-row skew angle Yd of 30 degrees. Therefore, it 
is considered possible to reduce the 6f torque ripple component 
factor by setting the row-to-row skew angle Yd at an angle equal 
to or greater than 30 degrees which is the theoretical angle 
Gs for the fundamental component of the cogging torque. 

SECOND EMBODIMENT 
FIG. 10 is a perspective view of a rotor core 31 of a 
permanent-magnet rotating machine according to a second 
embodiment of the invention, and FIG. 11 is a sectional view 
of the rotor core 31 of FIG. 10 as viewed along its axial 
direction, in which elements identical or similar to those shown 
in FIGS. 1 through 4 are designated by the same reference 
numerals . 

As shown in FIG. 10, permanent magnets 32a and permanent 
magnets 32b are arranged in upper and lower rows, respectively, 
with a row-to-row skew angle 0e in the same fashion as so far 
discussed with reference to the first embodiment. 

The permanent magnets 32a, 32b in the upper and lower rows- 
are attached to the rotor core 31 in such a manner that their 
N and S poles are skewed as shown in FIG. 11. Specifically, 
the permanent magnets 32a, 32b are arranged such that the 
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electrical angle between the N and S poles of successive pole 
pairs in each row is made alternately smaller and larger than 
normal by as much as 15 degrees {3.75 degrees in mechanical 
angle) by offsetting the permanent magnets 32a, 32b from 
equiangular points around the circumference of the rotor core 
31, More specifically, two permanent magnets 32a forming one 
N-S pole pair are offset from the equiangular points by as much 
as 15 degrees (3.75 degrees in mechanical angle) so that they 
are located closer to each other, and two permanent magnets 
32a forming the adjacent N-S pole pair- are offset from the 
equiangular points by as much as 15 degrees (3.7 5 degrees in 
mechanical angle) so that they are located farther away from 
each other. Likewise, two permanent magnets 32b forming one 
N-S pole pair are offset from the equiangular points by as much 
as 15 degrees (3.75 degrees in mechanical angle) so that they 
are located closer to each other, and two permanent magnets 
32b forming the adjacent N-S pole pair are offset from the 
equiangular points by as much as 15 degrees (3.75 degrees in 
mechanical angle) so that they are located farther away from 
each other. 

According to this embodiment, it is possible to reduce 
the fundamental component of the cogging torque by the 
row-to-row skew angle Ge between the permanent magnets 32a in 
the upper row and the permanent magnets 32b in the lower row. 
Additionally, it is possible to reduce the second harmonic 
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component of the cogging torque since the permanent magnets 
32a/ 32b in the upper and lower rows are attached to the rotor 
core 31 in such a manner that the electrical angle between the 
N and S poles of successive pole pairs in each row is alternately 
decreased and increased by arranging the permanent magnets 32a, 
32b forming each N-S pole pair alternately closer to and farther 
away from each other by as much as 15 degrees with respect to 
the equiangular points. 

It is apparent from the foregoing discussion that the 
electrical angle by which the permanent magnets 32a, 32b should 
be offset from the equiangular points is one-half times the 
theoretical angle 0s - 

THIRD EMBODIMENT 

FIG. 12 is a fragmentary perspective view of a stator 
according to a third embodiment of the invention, FIG. 13 is 
a fragmentary perspective view showing a multi-block structure 
of the stator of the third embodiment, and FIG. 14 is a 
fragmentary sectional plan view of each block of the stator 
of the third embodiment. 

This embodiment employs the same structure as the first 
embodiment in that a lower limit of the row-to-row skew angle 
0e is set at a value larger than the theoretical angle Qs and 
an upper limit of the row-to-row skew angle 0e is set at a value 
equal to or smaller than a maximum value of the row-to-row skew 
angle 0e at which the cogging torque ratio does not exceed the 
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cogging torque ratio at the theoretical angle Gs determined 
based on the relationship between the cogging torque ratio and 
the row-to-row skew angle 9e and the magnetic property (B-H 
curves) of the stator core 21. 

The structure of the third embodiment differs from that 
of the first embodiment in that the stator core is divided into 
an upper block 21a, a middle block 21b and a lower block 21c 
and these blocks 21a, 21b, 21c are offset in mutually opposite 
directions circumf erentially from one row to next to achieve 
row- to-row skewing as shown in FIGS. 12 and 13. Specifically, 
the upper and lower blocks 21a, 21c are offset from a reference 
line A in a direction opposite to the direction in which the 
middle block 21b is offset from the reference line A as shown 
in FIG. 14, wherein the row-to-row skew angle 9e is made equal 
to a theoretical angle given as one-half the theoretical angle 
Qs at which the fundamental component of the cogging torque 
is theoretically expected to be minimized. 

FIG. 14 illustrates a case where the ratio of the number 
of rotor poles to the number of stator poles is 2:3. It is 
possible to reduce the second harmonic component of the cogging 
torque by setting the row- to-row skew angle 0e at an electrical 
angle of 15 degrees (3.75 degrees in mechanical angle) as 
depicted in this Figure. In this embodiment, the height of the 
upper block 21a and the lower block 21c is made equal to half 
the height of the middle block 21b. 



FOURTH EMBODIMENT 
FIGS. 15, 16A, 16B, 16C, 16D and 17 are diagrams showing 
the construction of a permanent -magnet rotating machine 
according to a fourth embodiment of the invention, in which 
elements identical or similar to those shown in the foregoing 
embodiments are designated by the same reference numerals. 

As shown in FIG- 15, a rotor 30 includes a rotor core 31 
and four rows of permanent magnets 32a, 32b, 32c, 32d attached 
to a curved outer surface of the rotor core 31 in such a manner 
that N and S poles are alternately arranged along the 
circumference of the rotor core 31 in each row. These permanent 
magnets 32a, 32b, 32c, 32d are disposed in consideration of 
a row-to-row skew angle between the permanent magnets 32a and 
32b in the upper two (first and second) rows and between the 
permanent magnets 32c, 32d in the lower two (third and fourth) 
rows, as well as a row-to-row skew angle between the upper two 
magnet rows and the lower two magnet rows. 

As illustrated in FIGS. 16A, 16B and 16C, the permanent 
magnets 32b in the second row are offset by a row-to-row skew 
angle (electrical angle) Gel in the circumferential direction 
from the permanent magnets 32a in the first row, as are the 
permanent magnets 32d in the fourth row from the permanent 
magnets 32c in the third row. Also, the permanent magnets 32c, 
32d in the lower two rows are offset by a row-to-row skew angle 
(electrical angle) ee2 in the circumferential direction from 
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the permanent magnets 32a, 32b in the upper two rows. 

The row-to-row skew angle Gel is set within a range between 
a theoretical angle Qs calculated by the equation (180 times 
the number of rotor poles/the least common multiple of the 
number of stater poles and the niomber of rotor poles) / (the 
number of permanent magnet rows along the axial direction) and 
approximately 1.7 times the theoretical angle Gs thus 
calculated, where the number of permanent magnet rows along 
the axial direction is 2 since the cogging torque is reduced 
individually by the upper two magnet rows and the lower two 
magnet rows in this embodiment- The row-to-row skew angle 062 
is set at one-half times the theoretical angle Gs . 

Referring to FIG. 11, a stator 20 includes a cylindrical 
stator core 21 and a plurality of stator coils 22 which are 
arranged on a curved inner surface of the stator core 21 to 
form multiple magnetic poles. The rotor core 31 of the rotor 
30 is mounted inside the stator 20 so that the rotor 30 can 
rotate about a central axis of the stator 20 . Electric currents 
are caused to flow through the stator coils 22 in a controlled 
fashion to create a rotating magnetic field so that the rotor 
30 rotates about its rotary shaft which is aligned with the 
central axis of the stator 20. 

In the aforementioned arrangement of FIGS. 15, 16A, 16B, 
16C, 16D and 17, the number of rotor poles is 8, the number 
of stator poles is 12 and the number of permanent magnet rows 
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is 2 (two each in the upper and lower rows), so that the 
row-to-row skew angle Gel is set within a range from 30 degrees 
(theoretical angle Qs) to approximately 52 degrees 
(approximately 1.7 times the theoretical angle Gs) . Also, the 
row-to-row skew angle ee2 is set at 15 degrees (one-half times 
the theoretical angle Gs) - 

It is possible to reduce the fundamental component of the 
cogging torque (6f component) as well as torque ripples more 
effectively by making the row-to-row skew angle Gel larger than 
the theoretical angle Gs but not larger than approximately 1.7 
times the theoretical angle Gs, as compared to a case where 
the row-to-row skew angle Gel is set at the theoretical angle 
Gs . 

Also, the second harmonic component of the cogging torque 
can be reduced by setting the row-to-row skew angle Ge2 at 
one-half times the theoretical angle Gs . 

The discussion below will illustrate the relationship of 
the cogging torque and torque ripple versus the row-to-row skew 
angles Gel, Ge2 and show that the cogging torque and torque 
ripple can be reduced by the arrangement of the present 
embodiment . 

The foregoing discussion of the first embodiment 
illustrated the results of the three-dimensional magnetic 
field analysis carried out on a two-magnet-row structure, which 
is equivalent to the structure of each of the upper two magnet 
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rows and the lower two magnet rows of the fourth embodiment, 
with reference to the rotor 30 and the permanent-magnet rotating 
machine (in which the number of rotor poles is 8, the number 
of stator poles is 12 and the number of permanent magnet rows 
is 2) . The row-to-row skew angle ee2 is not affected by the 
effect of magnetic saturation, so that it should be set at one 
and one-half times the theoretical angle Gs . The row-to-row 
skew angle Gel, however, is affected by the effect of magnetic 
saturation, and because the rotor 30 of this embodiment employs 
a four-magnet-row structure, the extent of the influence of 
magnetic saturation might be different from that in the first 
embodiment . 

FIG. 18 is a chart showing measurement results of the 
fundamental component of the cogging torque obtained on an 
actual rotating machine of the fourth embodiment having the 
four-magnet-row structure including the upper two magnet rows 
and the lower two magnet rows when the row-to-row skew angle 
Gel is varied. Specifically, the chart show the relationship 
between the cogging torque ratio, which is the ratio of the 
cogging torque occurring in the absence of skew (Gel =0) to 
the cogging torque occurring when the permanent magnets 32a, 
32b, 32c, 32d are skewed (Gel ^ 0) , and the row-to-row skew 
angle Gel. The number of rotor poles was 8 and the n\imber of 
stator poles was 12 in the actual rotating machine used for 
measurement . 
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It is seen from FIG. 18 that the cogging torque ratio is 
0.28 when the row-to-row skew angle Gel is set at the electrical 
angle of 30 degrees. Thus, in order to make the cogging torque 
ratio equal to or smaller than 0.28, the row-to-row skew angle 
9el should be set at an angle larger than 30 degrees but not 
larger than approximately 52 degrees (approximately 1.7 times 
the theoretical angle Qs of 30 degrees) . To summarize, it is 
assumed that the row-to-row skew angle Qel should be made larger 
than the theoretical angle 0s but not larger than approximately 
1.7 times the theoretical angle Gs . 

Also, if it is desired to make the cogging torque ratio 
equal to about one-half of 0.28, the row-to-row skew angle Gel 
should be set at an angle equal to or larger than 36 degrees 
but not larger than 44 degrees, that is, equal to or larger 
than approximately 1.2 times the theoretical angle 9s but not 
larger than approximately 1.47 times the theoretical angle Gs . 

FIFTH EMBODIMENT 
FIGS. 20, 21A, 21B, 21C and 21D are diagrams showing- the 
construction of a permanent-magnet rotating machine according 
to a fifth embodiment of the invention. 

In the fourth embodiment described above, the permanent 
magnets 32a, 32b in the upper two rows and the permanent magnets 
32c, 32d in the lower two rows are individually skewed by the 
row-to-row skew angle Gel to reduce the fundamental component 
of the cogging torque and the torque ripples, and the permanent 
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magnets 32c, 32d in the lower two rows are offset from the 
permanent magnets 32a, 32b in the upper two rows by the 
row-to-row skew angle 6e2 to reduce the second harmonic 
component of the cogging torque. 

While employing a four-magnet-row structure similar to 
that of the fourth embodiment, the fifth embodiment is 
characterized in that permanent magnets in the upper two rows 
and those in the lower two rows are individually skewed by the 
row-to-row skew angle Ge2 to reduce the second harmonic 
component of the cogging torque, and the permanent magnets in 
the lower two rows are offset from the permanent magnets in 
the upper two rows by the row-to-row skew angle Bel to reduce 
the fundamental component of the cogging torque and the torque 
ripples - 

FIG. 19 is a chart showing the relationship between the 
cogging torque ratio with respect to the fundamental component 
of the cogging torque and the row-to-row skew angle Gel based 
on measurement results obtained on an actual rotating machine 
of the fifth embodiment when the permanent magnets in the upper 
two rows and those in the lower two rows are individually skewed 
by the row-to-row skew angle Ge2 and the permanent magnets in 
the lower two rows are offset from the permanent magnets in 
the upper two rows by the row-to-row skew angle Gel . The number 
of rotor poles was 8 and the number of stator poles was 12 in 
the actual rotating machine used for measurement. 



It is seen from FIG. 19 that the cogging torque ratio is 
0.15 when the row-to-row skew angle Gel is set at the electrical 
angle of 30 degrees. Thus, in order to make the cogging torque 
ratio equal to or smaller than 0.15, the row-to-row skew angle 
eel should be set at an angle larger than 3 0 degrees but not 
larger than approximately 35 degrees (approximately 1.2 times 
the theoretical angle Gs of 30 degrees) . To summarize, it is 
assumed that the row-to-row skew angle Gel should be made larger 
than the theoretical angle Gs but not larger than approximately 
1.2 times the theoretical angle Gs . 
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